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suMmRY

A theoryof stallpropagationina cascadeofairfoilsofhigh
solidityhasbeendevelopedwhichincludestheeffectsoffinitebkde
chordandof theboundary-layerresponseto changesinangleofattack.
Thetheory,basedontheassumptionthattheflowbehindthecascade
consistsoffreejetsdischargingintoa constantpressureregion,is
validforsmallperturbationsinvelocityabouta mesnflowcondition
withfinitepressureriseacrossthecascade,providedthatthepressure
fluctuationsdownstreamofthecascadearemuchsmallerthanthoseup-
stresmofthecascade.Thesolutionforthevelocityof stallpropaga-
tionindicatesthatthevelocityincreaseswiththewavelengthof the

. stallcell,tendingtowardsa limitingvalueforverylargestallcells.
Thewavelengthofthestallcellsat thebeginningofrotatingstall-G,.l... isdependentontheamountoftimerequiredformovementofthesepara-F- tionpointontheairfoil(boundary-layertimedelay).

Fora stationarycircularcascadeanda single-stage.mciXL-flow
compressor,whichweretestedaspartof thisinvestigation,thetheory
predictspropagationvelocitieswithin25percentovera widerangeof
wavelengths.Theexperimentshaveconfirmedthatm increaseinwave
lengthisaccompani~by m increaseinpropagationvelocity,ifother
parametersareunchanged.

INTRODUCTION

In 1941,an investigationofdiffusersforcentrifugalcompressors
wasmadeby Whittle’sgroup,whowereat thattimedevelopingthefirst
Britishjetengine.‘l%eyconstructeda low-speedresesrchrigwithan
observationwindowto study,withtuftsofthread,theflowpatternat
tl,ediffuserentrance.Foronetypeofdiffusertheobservationwas
madethatat lowmassflowratesa regionofflowreversaltraveled
aroundthediffuserin thedirectionofwheelrotation,causingflow

* separationon eachdiffuserbladeinturn. Thevelocityofthetraveling
E stallwasapproximatelyone-sixthoftherotortipspeed.Thiswasthe

firstrecordedexsmpleof thephenomenonnowknownELS“rotatingstall”
d
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(ref.1)● ThephenomenonapparentlyattractedM.ttleattentionatthe
timeandno furtherreferenceto itcanbe found,althoughinthelight
ofrecentdiscoveriesitispossiblethatrotatingstallwasthecause
ofsomebladingfailuresintheearlyWhittleengines.

.
-

Severalyearslater,ata timewhencompressorbladefailureshad
beccmeoneofthemajorproblemsinthedevelopmentoftheaxial-flow
turbojetengine,rotatingstalJwasrediscovered.Althoughthephenomenon
wasnotedindependentlyby severalresearchers,thefirstdetailedstudy
wasapparentlymadeby a researchgroupworkingunderthedirectionof
Emmons(ref.2). Usinghot-wiretechniquesto investigateflowconditions
inanaxialcompressor,Emmons’groupfoundthat,whenthecompressor
wasthrottled,regionsoflowvelocityappeared,travelingarouudthe
smnulusinthedirectionofwheelrotationbutata lowerspeed.

—
ItW~S

thenapparent&at bladefailurespreviouslyunexplainedwereprobably
causedby vibratorystressesinducedby rotatingstall.

Laterinvestigationsofrotatingstallin single-stageandmultistage
ccmrpressorsaredescribedinreferences3 and4.

Theoriginofrotatingstallmayreadilybe explainedfromconsider-
ationoftheflowchsmgesassociatedwithbladestall.Whena cascadeof
airfoilsoperatesclosetothesta~edcondition,a localIncreasein .

angleofattackononeairfoilmayinitiatesta3J.O,Uthatblade.Because
of theincreasedblockageeffectoftheseparationregion,somefluid + 1=k*_
spillsaroundtheaffectedchannel,increasingthesingleofattackonthe ‘
bladeabovethestalledairfoilanddecreasingtheangleofattackonthe
bladebelow,sothatthestalledregionpropagatesalongthebladerow
as showninfigure1.

Themainconcernofthecompressordesigneristhefrequencywith
whichstalledregionspassthecompressorblades.Itisdesirableto
be abletopredictthisfrequncyfora givencompressorand,ifneces-
sary,to alterittoavoidbladeresonance.Investigationsofrotating
stallinaxialcompressorshaveyieldeda bewilderingvarietyofresults,
withno apparentorder,sothatatpresentthedesiredgoalisnotin
sight.Somesuccesshasbeenattainedinpredictingthevelocityof
propagatfon”ofthestalledregions,butnomeanshasbeenfoundofpre-
dictingthenurberofstaUedregionspresentina givencompressor,
andthisnumbermustbe knownbeforetheexcitingfrequencycanbe cal-
culated.

—

Theinvestigationdescribedinthisreportwasundertakeninthe
beliefthata thoroughstudyof stallpropagationinthesinqlestpossi-
blecase(thesingle,two-dimensionalcascade)wasessentialbefore
approachingthemorepractical,butmsmytimesmorecomplicated,problem =4
ofrotatingstallintheaxialcompressor.Previousanalysesof stall
propagationinsinglecascadesconsideredonljrdisturbancesoflarge b
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s wave lengthandwereunableto giveauycluestothereasonsforthe
— appearanceof stalledregionsofvaryingwavelengthsastheinletangle

to thebladerowwaschanged.
J

An analysiswhichincludedtheeffectsof
finitebladechordwasthereforecarriedoutandwasaccompaniedby
experimentalworkona singlecascadeandona single-stagecompressor
todeterminethevalidityoftheavailabletheoriesandtheeffectswhich
mustbe includedina successfultheory. .

ThisinvestigationhasbeenconductedattheMassachusetts13mtitute
ofTechnologyunderthesponsorshipandwiththefinancialassistanceof
theNationalAdtisoryC!onmitteeforAeronautics.Thisreportsummarizes
theresultsofsm investigationinwhichmanymenibersoftheGasTurbine
Laboratorystaffhaveparticipated.

Mr.A. R.Kriebeldesignedthetestcascadeandwasresponsiblefor
thesuccessof thehigh-speedschlierenphotography.Mr.S.R. Mmtgomery
andLieutenantJ. J.BraunjUSN,investigatedthestallcharacteristics
ofthesingle-stagecompressorandprovidedthedataonstallpropagation
intherotor.me originalideaofusinga circularcascadecanefrom
ProfessorE. S.Teylor,whohasguidedtheprojectsinceitsinitiation.
ProfessorHaroldE. Edgertongavegenerouslyofhistimesndlentmuch
equipment.

SYMBOLS

A area

}

sm(t)j bn(t)j
functionsoftimeCn(t),~(t)

B left-handsideofequation(19)

b halfwavelengthofdisturbance

c definedbyequation(20)

c!
P

dC
‘lue ‘f c ‘hen m= 0

P2 - PI
cascadepressurecoefficient,

(P/4c~2

c velocitya

Cx steady-statevelocityinx-direction
.
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steady-state

steady-state

wteady-state
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velocityiny-direction

radialvelocity

tangentialvelocity

distance

functionof f31

frequency

functionsdefinedbyequations(11)and(12)

equivalentchord

Machnumber

massflowrate

lengthofblade

numberof symmetricstallcells

numberofharmonic

stresmpressure

totalpressure

outsideradiusof

Reynoldsnumber

polarcoordinates

guidesmnerow

insideraiMusofcascade

outsideradiusofcascade

stresmtemperature

totaltemperature

time

totalvelocityin x- (or r-)direction

—

.

.
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da

perturbationvelocityin x- (or r-)direction

velocityof stallpropagationrelativetoblade

5

row

velocityof stallpropagationofnthharmonicrelativeto
bladerow

totalvelocityin y- (or 8-)direction

perturbationvelocityin y- (or 0-)direction

rectilinearcoordinates

dischsrgecoefficientof cascade,
Actualmassflow -

Idealmassflowforssme
(
Pol- P2

)

d (cotPI)

inletangleto cascade

outletanglefromcascade

nthrootof characteristiceqpation

Wind-tunnelcompressortipspeed
Speedof soundinairenteringcompressor

density

Chordcascadesolidity,—
Pitch

Subscripts:

r
*

t

. x

timeconstantofboundary-layerdelay
totalvelocitypotential.

perturbationvelocitypotential

radismfrequencyofnthharmonic

partialderivativewithrespectto r

psrtialderivativewithrespectto t

partialderivativewithrespectto x

—

—

——
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Y

e
partialderivativewithrespectto y

partialderivativewithrespectto 0

TKEORYOFROTATIWSTALL

Background .

,--

Theoreticalinvestigationsofrotatingstallhaveprevious-been
undertakenby Emmons,Sears,andMarble.Ineachcase,theequationsof
motionwerelinearized,sothattheanalysesarestrictlyvalidonlyfor
smallperturbationsinvelocityabouta meanflowcondition.Inany
analysisof stallpropagation,theresultsobtaineddependontheassump-
tionsmadeabout(a)thenature-oftheflowfielddownstreamofthe
cascade,(b)theformofthecascadecharacteristic,and(c)therelative

—

importanceofthedifferentdynamiceffectswhichgovernthevelocityof
propagationofdisturbancesalongthecascade.Thepossibleassumptions _

—

whichcanbe madewillbe discussedbeforereviewingthethreetheories.

Theflowfieldimmediatelybehinda stalledcascadein steadyflow
consistsof streamsoffluid,whichhavesufferedlittlelossinstag- .

nationpressure,separatedby regionsof lowstagnationpressureas
showninfigure2. Downstream,mixingoccuTsbetweenthehighandlow .:*
velocityregions,andat a distanceof10 chordsor sofromthecascade
thevelocityisapproximatelyuniformacrossthewake. Inanalyzing
stallpropagation,someapproximationtotherealconditionsinthe
unsteadyflowbehindthecascademustbemade. @basis maybe placed

.—

ontheflowfieldimmediatelybehindthecascadeby consideringtheflow
to consistofa numberoffreejetsenteringa regionof constantpres-

—

sure.Alternatively,theregionwheremixingis completemaybe con-
sideredtobe ofgreaterimportanceandthe.velocitydistributiondown-

—

stremnmaybe assumedcontinuousthroughoutthefield.Thetruecondition
liesbetweenthesetwoextremesandmsybe closerto oneortheother
ofthemdependiu_onthesizeofthepropagatingS- regionsre~tive
tothebladechord.If thedisturbanceisverylsrgerelativeto the
bladechord;thenitseffectwillbe feltfardownstreamandwellbeyond
themixingregion.Forthiscase,themixingregioncsmbe neglected
andthedownstreamflowfieldconsidered=-a continuum.

—
Ontheother

hand,if..thedisturbanceaffectsonlytwoorthreeblades,itmaybe
dsmpedoutwithin-themixingregionendthedownstreampressurechanges
willbe small.Theassumptionoffreejetsdischargingintoa constant

..

pressurechamberis-thentobe preferred. .—

Thecascadeperformancemaybe representedby curvesofpressure ●

coefficient,circulation,oreffectivedischargecoefficientasa function
of inlet--angleto thecascade.Thisfunctionmaybe continuousor .;.:
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discontinuous,andconsiderabledisagreementexistsas towhichrepre-S
sentationisthemoreaccurate.Thisquestionwi~ probablybe settled
onlywhendynamicmeasurementsof cascadeperformancecanbemade.

‘J
Inthemostgeneralcase,threefactorsinfluencethespeedof

propagationofa disturbancealonga cascadeofairfoilsinthestalled
condition.Thesesre(a)thetimerequiredformovementof thesepara-
tionpointontheairfoilaftera changein inletangle,whichwillbe
calledtheboundary-layertimedelsy,(b]theInertiaofthefluid
betweentheblades,and(c)theinertiaofthefluidoutsidethecascade.
Therelativeimportanceoftheseeffectsdependsonthesizeofthe
stallregionwithrespectto thebladechord,becausetheboundary-layer
timedelayandtheinertiaofthefluidtithinthebladesareproportional
tothebladechord,whiletheinertiaofthefluidaffectedby thedis.
turbanceoutsidethecascadeisproportionalto thewavelengthofthe
disturbance.Iu consequence,whendisturbancescoveringmanybladesare
considered,theboundary-layertimedelsyandtheinertiaofthefluid
withinthecascadecanbe neglectid.

Thefirstanalyticaltreatmentof theproblemwasmadeby Emnons
in1951.He showedthatthecascadecouldbe representedas a series
of channelsinpsrallel,withvariable-areaoutletstorepresentthe
blockageeffectof theseparationregions.l?yinvestigatingthe
stabilityof smalldisturbanceseheadofthecascade,Enmonsshowed
that,ifa criticalvalueofthederivativeoftheeffectiveoutletarea
withrespectto theangleofattackwereobtained,disturbanceswould
propagateunchangedalongthecascade.Forlowervaluesofthederiva-
tivedisturbancesdiedout,whileforhighervaluestheywereamplified.
Thepropagationvelocitywasgovernedby an arbitrarilyassumedtime
delsybetweenchangesinangleofattackandchangesintheflowfield
aheadofthecascade.Pressurevariationsbehindthecascadewere
assumednegligibleandthecascadecharacteristicwasassumedtobe a
continuousfunctionof inletangle.Ehunonsdidnotsolvethedynamic
equationsofmotionand,therefore,wasunabletopredictthevelocity
ofpropagation.

Sears,,in1953(ref.~),consideredthecaseofdisturbanceswhich
werelargewithrespectto thebladechordandobtainedthefirstcomplete
solution.He assumedtheexistenceof stalledregionsmovingwithsteady
veloci~alongthecascadeandcalculatedtheirvelocityandthecon-
ditionsrequiredtoproducethem. Theveloci~fielddownstreamofthe
cascadewasconsideredtobe continuous.Seersfailed,however,to
realizethefullconsequencesoftheassumptionof largestallcells
endintroduceda boundary-lsyerphaselagwhichhebelievedtobe of
primeimportancein influencingstallpropagation.Althoughhe obtained

. a solutionshowingstallpropagationoccurringwithzeroboundsry-layer
phaselag,inhisconclusionsSearsstiKlstatedthatthespeedof
propagationofthisphenomenonisdeterminedby viscouseffects.The.
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cascadecharacteristicwasrepresentedasa continuousfunctionofinlet
angle,andthemeanflowconditionwasconsideredtobe oneinwhichthere

%

wasnopressureriseacrossthecascadesndnoturningoftheflow. The
latterassumptionisnota goodonebecauserotatingstallcommencesin

~:

a cascadeatanamgleofattackonlyslightlygreaterthanthatcorre-
spondingtothepeakofthepressure-coefficientcurve.

Marble,in1954(ref.6), notedtheinconsistencyin Sears’analysis
withregardtotheboundary-layerdelayandpresenteda theoryforlarge
s~ll cellsinwhichtheinertiaofthefluidoutsidethebladerowwas
consideredtobe ofmuchgreaterimportance.thaneithertheboundary-
layertimedelayortheinertiaofthefluidbetweentheblades.In
addition,by a veryingeniousmethod,he win-able@ treattheeffect_ &
ofa discontinuityinthecascadepressure-risecharacteristicandshow
howtheshapeofthepropagatingwavechsmgedasthemeaninletangle
tothecascadeincreased.Thepropagation-velocitiesobtainedwerethe
sameasthosepredictedby Searsforzeroboundary-layerphaselag.
Marble’stheory,likeSesrs’, isvalidonlyfora mesmflowconditionin
whichthereisa verysmallpressureriseacrossthecascade,sincea
finitestepinpressureisaccompaniedby finitevelocitychangesand . .
thetheoryisbasedontheassumptionofsmallperturbationsinvelocity.

Insummation,thetheoriespresentedby SearsandMarbleshould .

predictthevelocity(Sears-Marblevalue)ofpropagationof stalled
—

regionsalonga cascadein caseswherethestalledregionssreso large #
thattheeffectsoftheboundary-layerdelay,theinertiaofthefluid
withintheblades,andthemixingregionafterthecascadecambe

—

neglected.Theygiveno cluesto thereasonsfortheappearanceof
differentnumbersof stallcells“ina compressorasthecompressoris
throttled,andtheyarevalidonlyifthecascadepressurecoefficient
issmallwhenrotatingstallcommences. --- —

In1954,Stenning(ref.7) presenteda theorywhichtreatedthe
casewheretheinertiaof thefluidwithinthecascadecouldnotbe
neglected,allowingalsoa finitepressureriseacrossthecascadewhen
rotatingstallcommenced.A laterdevelopmentofthetheoryincludes
theboundary-layerdelayandoffersa possibleexplanationofthevarying
numberof stallcellswhichappearwhena compressoristhrottled.The
completeanalysisispresentedinthefollowingsection.

Analysisof Stall.Propagationh a Cascade

Themainobjectiveofthemlysis isa considerationofstall
propagationwhenthebcwndary-layertimedelayandtheinertiaofthe
fluidwithinthecascadeareconsideredaswellasthefree-stream .
inertia.As hasatieadybeensuggested,forthiscase(whichiS one

frequentlyencounteredinpractice),thepressurefluctuationsdownstream -
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ofthecascadeshouldbe smallccmparedwiththeupstreamfluctuations,. sothattheassumptionthattheflowbehindthecascadeconsistsof
freejetsdischargingintoa const~tpressureregionappearstobe the

.4 moreaccurateone.T

Themodelrepresentationofthecascadeandthemethodofattack
employedaresimilarto thoseusedby Emmons.Theadvantageofthis
methodisthatitusestheclassictechniquesofstabilityanalysis
todeterminewhetherdisturbanceswillbe snrplifiedorwilldieaway
smdthusgivesa goodphysicalunderstandingofthephenomenon.

Representationof cascade.-Theanalysisisbasedonthemodel
showninfigure3, withthecascadesimulatedby a seriesof channels
of lengthL sxrangedinparallelsndhavingvariable-sreaoutlets.
Thefluidentersthecascadeat @ tithentranceangle pl,is
turnedtoflowangle j32at @ ina shortdistance,andleavesthe
channelat @. Theassumptionismadethattheeffectof stallpro-
ducesa discreteregionof flowseparation,sotht thewakebehind
thecascadeconsistsofa numberoffreejetsdischargingintoa region
of constantpressure.

Theratioofexit.
functionof ~1 ss-

s.xeato inletarea A2/A3 isdefinedtobe a

Theassumptionismade

A2—=a#=
A3

thatlocal
in ~1 exponentiallyas shownin
$1

F(cot$1)

changesin a lagbehindlocalchanges
figure4, sothatforstepchangesin

&= (&)s6(l-e-t/T)
where (ti)ssisthesteady-statechsngein a correspondingto the
changein pl and T is thetimeconstantoftheboundary-layertime
delay.Thus,ingeneral,when 131changescontinually

——

at anyinstantwhere (ti)s~isthesteady-statevalueof h, corre-
. (~)ssspendingtothevalueof ~1 atthatinstantor & = ~D+ ~ using

operationalnotationwhere
. D ‘notes *“

———
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Thisrepresentationoftheboundary-layerresponse
oversimplificationofa complexphenomenonwhichisnot
understood.Itis,of course,notpossibleto consider

NACATN 3580

issmextreme
yetfrilly *

thechangesin
effectiveexitareaas independentofthefluidvelocityinthepassage

—
P’

sincethefluiditselfformsthe“gate.”However,theresponse=s~ed
givesthesimplestmodelwhichincludestheboundary-layerdelayand
shouldat leastyieldsomeinformationontheeffectofthisdelay.

.

Theratio~/A3 isequivalenttotheratio

Actualflowthro@ cascade
Idealflowforsame (Po~- P2)

withno losses

andisobtainable,fora realcascade,fromtestresults.

Itcanbe seenthat a = A2/A3 isa measureofthe“swallting
capacity!’ofthecascadesndmustthereforebe importantwhenthepossi-
bilityofflowspillagearoundtheentrsnce__isconsidered.Fora real —
cascade,it canbe shownthat a isequivalentto

.——

.— .-

‘4.-
fora rectilinear.cascade,where CP ‘s
appendixA).

Additionalassumptionsarethatthe
frictionlessandthatchangesin ~2 in
neglected.Thebladesareconsideredto

thepressurecoefficient(see
.—

fluidis incompressibleand
theunsteadyflowcanbe

—

be veryclosetogether,so
that a maybe takenasa continuousfunctionof y.

Fortheinitialanalysis,theboundary-layerresponseisassumed
fastcomparedwiththeinertiadelays,sothat T is takenas zero.

—

Theeffectoftheboundary-layerdelayisconsidered

Solutioninfieldbeforecascade.-Thesolution
thecascadeisobtainedasfollows:

Thecascadeliesonthey-axisinthexyplane.

subsequently.

inthefieldbefore

Thefluidiscon-
sideredtobe incompressible.-Perturbation8sreconsideredfroma steady . .
flowwithinletangle PI andvelocitycomponentsCx and Cy.

Sincetheflowenteringthecascadeisirrotationala velocity
.

potential.canbe wed. k theunsteadyflow,
*
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u =c~+~

v= G.!+fi

O=cxx+cyy+(p

WhereO isthetotalvelocitypotentialand (pistheperturbation
au avpotential.Fromcontinuity,y+y= O;thatis, ~+~.o.
.. ..

Solutionsto

representing
theboundary

thisequationare”~bt~ableintheform

m

~’~l[an(t) cos~

nmx

l–+bn(t)sin% e b (1)

periodicdisturbancesofhalfwavelengthb andsatisfying
condition,at x = -CO,

w=Qy=o

Thestabilityof thedisturbancesdependson thetime-dependentfunctions
~(t) and bn(t) whichareasyetundetermined.Fromconsiderationof
thedynamicequations,itispossibletofindtheconditionsrequiredfor
thedisturbancestobe damped,
cascade.

FromEuler’sequationfor

Ot

where

.2

smplified,orpropagatedunchangedalongthe

unsteadyflow,

+H= Constant

Forsmallperturbationsfromthesteadyflow,

.

.

(2)
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Equations(1)and(2)arevalidintheregion

Entryto cascade.-Theequationforf@w
derivedasfollows:

NACATN35$3

-m<x<o. .

entering

Thedistance@ to @ (fig.3) isag~umedsmall
effectsbetween@ and@ maybe neglected.Thus,

At @, equation(2)maybe rewritten

5P3
(%)1 + C3W3 +~= o

the cascade is ~ ‘

sothatinertia

(3)

(4)

lhnentumeffectsin cascade.-Inorderto obtainthemomentumeffects
inthecascade,theflowbetween3~and@( fig.3)isconsideredone-
dimensionalandthemomentumequatonintheZ-directionis

4

Integratingwithrespectto Z from@ to-@, withtheassumptions
that c = C3 between@ and @ andthatthechangeinvelocityfrom
C3 to C2 takesplaceina shortdistance,gives

ac3 C22 C32 P2 P3

‘r+ T- T+ T-r=O

Forsmallperturbationsfroma steadyflow,

Ee3 o
L~(bc3) + c2 5C2-C3 %-T= (5)

.

.
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if p2 doesnotchange.EIJaminaiAng C3 &3 +% betweenequations(4).
and(~)gives

.

From centtiuity,

A3C3= A2c2

A3 8C3=A28c2+c2W9

Thus,

A3 8A2
5C2= —AZ Eic3.C2T

(6)

Alsofrcmcontinuity,u = C3 cosP2 sothat m = ~ = &3 cos ~.

Substitutionfor c3
~d &3 yields

() ()A3 2 cx~ ‘3 2 CX2 %c2~2=%_-__
COS2$2 A2 -T

By substitutingthisexpressionfor C2 &2 inequaticm(6), the fon~ng
eqmtionisobtainedatpoint@:

L Cx%
2

Cx 5A2
~+cosp2%t+2

—= o
a COS2$2 az COS2B2A2

(7’)
.—
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But,

NACATN 3580

.

5A2 &—=—
A2 a

1=- da 5 (cot pl)a d (cot131)

where

a’ = da
d (cotPl)

Thus,at @ (fig.3),

Cx% ( cot f!la’) cot2j31a’
~+ L

Cos flz~t ‘a2 co~2p21 - — a + d Cosapa“% =
O (8)

Thisequationmustbe satisfiedby (pat theentrancetothecascade,
thatis,at x = O. ~ substitutingthesolutionfor cp (eq.(1))into

equation(8)andseparatingcoefficientsof cos~ and sin%$$ two

simultaneousdifferentialequationsareobtainedintermsof ~(t)
and ~(t) as follows:

.

e-

.

*
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Assumingsolutionsoftheform ~ = Ane~t and bn = ~eht gives
thecharacteristicequation

(9)

Therootsofthisequation~ representoscillatorydisturbances
whicharedsmpedout,smplifiedjorpersistunchangeddependingon the

cotpla’
valueofthedampingtermcontaining1 - U ai<~a- Cotf31’

thedisturbancewilldieaway. rf a’>~ itwillbe amplifiedcotpl’
beyondtherangeinwhicha linearizedanalysisisvalid.rfa’=~ cotpl
(fig.5), thedisturbancewillpsrsistsmd ~ and bn willbe ofthe
form An cos ~t +% sin~t and An sin~t - ~ cos~t, respectively.

. Thepotentialf%nctionthenrepresentswavestravelingalongthecascade.
At thispoint,thecharacteristicequationbecanes

*

[ 1
2

y cotplq
&’ +

4
till

=

)

o
# Cos ~+ Cosp’

representingwavesoffrequencyinradianspersecond

y cotplCx
%=

(
Ilmla’ COS ~’ y + cos P’

Thevelocityofwavepropagationofthenthharmonicalongthe
cascadeVn = (IYequency)(Wavelength)or

.

.

cot 131Cx
=

(Lm-ca’ COS ~ y + COS fJ2)
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Vn CO* pl
—=
Cx (IrMa2 cos P2~ + COS P2

v
This resultindicatesthatthevelocityof stallpropagationincreases
withthesizeofthestallcell,thelimitingvalueof

—
Vn/Cx forstall

cellscoveringmanybladesbeing
cotpl . h figures6(a)end6(b)

a2 cos2~
a%/cx isplottedagainst~1 forcascsdeswith10°smd15°turning
anglesanddifferentvaluesof A/b. Thevelocityofpropagationis
taken as the velocity
expressionfor v~cx
indicatesthathigher
Thisis notinaccord
isinadequateinthis

ofthefundamentalcomponentofthewave. The
includesthenumberoftheharmonicn and
hsrmonicstravelmoreslowlythantheprimsrywave.
withexperienceandshowsthata linearizedanalysis
respect.

Thepropagationvelocitymaybe convenientlyrelatedto thecascade
pressurerise(whichisa morefsmilisxparsmeterthan a)by replacing

Cospl
a withits equivalent . Then,

Cosp24~

Vn cot~1(1- Cp)—=
Cx

(m
COS2~lb cOSp2+1

)

Forstallcellscoveringmanyblades,thisexpressionreducesto

v_ 2(1- Q
~- sin2~1

Itshouldbe notedthat,Mth theboundary-layertimedelayneglected, “
no limitationisplacedonthewavelengthof thedisturbances.C!on6ider-
ationoftheboundary-l~erdelaypermitspredictionofthesizeofthe
waveinadditionto theveloclty.

s=
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fiterferen~eeffectofbladerowupstresmof cascade.-Withthe.
assumptionthatpressurechangesdownstreamof thecascademaybe neg-
lected,it isnotpossibleto treattheinterferenceeffectofan

a additionalbladerowbehindthecascade.Upstreaminterferenceeffects
are,however,veryeasilydetermined.~ a rowof closelyspacedblades
ofverylargechordissituateda distsmced fromthecascade(fig,7),
thentheperturbationvelocity~ willbe forcedto zeroat x = -d
becauseof thehighinertiaofthefluidwithintheguidevanes.In
S.nypracticalcase, ~ willnotbe zeroat x= -d becauseof the
finitechordoftheguidevanes,butthisapproximationwillpermitan
estimationofupstreaminterference.A solutionfor q maythenbe
foundintheform

1[ nmx

1[– 1

*(x+al)
Q= an(t) COS * +%(t) sin* e % + e

n=l

satisfyingthecondition~ = O at x = -d. Substitutionofthis
solutionintoequation(8) gives,forthecaseofundampedwaves,when

cotBI
.

4

%=

[

Jd2 -a2 cos pa~

(,+e-)““s‘2.

\
l+eh ‘1

Theequivakntexpressionforpropagationvelocityintermsof the
cascadepressurecoefficientis

.

.
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Thus,interferenceincrea8esthevelocityofpropagationfor L@ of
orderunitybutdoesnotchangeitfordisturbanceswithwavelengths
whicharelargecomparedwiththebladechord.1% d/b isverysmall,

—

Vn cotpl
thenthecoefficientof Infi/biseffectivelyzeroand — = -—

Cx c1?cos2132’
whichisthesameresultasthatobtainedwithoutupstreaminterference
whenthewavelengthislarge.Theadditionof a rowofguidevanes
upstreamofthecascadethereforedecreasestheinfluenceoftheinertia ‘“
ofthefluidwithinthestalledcascadeonthevelocityofpropagation.

An approximationto thevelocityof stallpropagationrelativeto the
rotorina single-stagecompressorwithguidevzmesck.setothewheel.

cot$1
thusmaybe obtainedby putting~ = . Thisshouldbe valid

aa cos2p2
d.

onlywhenthebladesarestalledfromroottotipsothattheflowis
effectivelytwo-dimensional.

+
Effectsofboirndary-layerdelay.-ThetimeconstantT ofthe

boundary-layerdelaywillnowbe includedintheanalysistodetermine
theadditionallimitationsit imposeson st.al.lpropagation.If —

ba = ~Da~~ 5 (cotPI) is substitutedintoequation(7),theequation

satisfiedby q at @ is

LT

(

IIT~t + TCX
~tt + > + ‘t Cos pa + ~2

)
+Cos$2 Cosapa

(lo)

(Cx% ~ cotpla’

)

cot2J3@
~2 d COS2$2Cx%=

o
Cosapa a

Insertingthesolutionfor cp (eq.(l))@ separatingthecoefficients
nnyof Cos~ and sin~ givetwosecond~orderdifferentialequations .—

intermsof ~ and ~. Takingsolutionsoftheform ~ = Ane~nt

and bn = ~ebt givesthefollowingcharacteristiceqyationfor ~: ●
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Thisequationtillbe exsminedto findtheconditionsforundsmpsd
oscillationsintime. Equation’(n)is of theform

( )2G1~2 + G2& + G3 +G42=0

(n)

(1,)

Forundsmpedoscillations,h= +iti mustbe a root. With ~= i%
a solutionisobtainedasfollows:

( )-1%2 +iG~+G3 2 +G42=-0

with & = -iq a solutionis

(-@#-
Subtractingequation(14]frcm

obtainedas follows:

)
iG~ +G3 *+G42= o

equation(13)andfactoringgive

(2 4,%2+ G3)(2iGq)= o

Thus,if ?ln=*% is a rootofequation(12),then ~z =
- fnequation(13)gives

G3/G~.
putting~ =

( )2&3 + iG2~fi+G3 +G42=0

(13)

422(%/%L)+G42= o
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Therequirementsforsmundampedoscillatorysolutionto equation(I-2)
G3/Gl= (G4/G2)●

—
are,therefore,that Withthisrequirementsatisfied,
twooftherootsof theequationsre Hw where M = G4/G2.A factor
oftheequationisthen h2 + (G4/C@2 andtheremainingtworoots
satisfytheequation

An2+2(G2/GI)&+[(Gl+/G2)2+(GZ-JG1)2]=0 (16)

Fortheremainingtworootstobe stablethecoefficientof’& in
equation(16)mustbe positive;thatis, G2/Glmustbepositive.

Itcanbe seen,therefore,thatforequation(I-2)tohaveroots
representingundampedoscillationsoffrequency~ (2)allcoefficients . -
mustbe positiveand(2) G3/Gl= (G4/G2)2=Underthesecircumstances,
% = G4/G2.Applyingtheseresultstoequation(1.1),therequirement
forstallpropagationis

F

cot j31a’)=.( 2
nfi C* nficot2~la’cx
Ta? Cosppp a ~ a3 cos2f32) (17)

)

+=L
(

l+!Z+ Tcx
b COS~2 1’b cos~2+ a2 cos2@2

andthefrequencyoftheoscillationsatmy pointinradiansper
secondis nficotzpla~cx

—
b J Coszpz

%=

(

TC (18)
1+= b CO;~2+ # CO~2~2)

IfT= O thesameresultssreobtainedasintheearlieranalysis.The
importanceofthissolutionliesnotinthepreciserelationshipbutinthe
factthata relationisestablishedamong L/b, T, a, a’, i31,and 132
whichmakesstallpropagationpossible.MQyeexplicitly,sincefora .
givencascadeTj a, a’,and ~2 alldependon ~lja.~plationship
hasbeenfoundbetweenL/b and ~1 forstallpropagl$%ion.Thus,over

.
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a rangeof inletangles,stallpropagationcanoccursmdthesizeof the. stallcellwilldependontheinletsngle.ThisresultmayWlain the
variationin sizeandnumberof stallcellsfoundinanaxialcompressor

d stageovertheworkingrangeofsngleofattack.

Itcanbe seenthat,withtheboundary-lsyerdelayincludedinthe
cotpla’

analysis,stsllpropagationoccurswith lessthanunity,so
thatthefrequencyofthedisturbancesis b%r thanthefrequencyof
thestallsofthesamewavelengthwhentheboundsrylayerIs leftout.
Theboundary-layerdelaythereforehastheeffectofdecreasingthe
velocitiesofpropagationofthestalledregions.Theboundsxy-layer
timeconstantshouldbe approximatelyoftheorder L/c3jsothatthe
boundary-layerdelaymsybe as importantas theinertiadelayofthe
fluidwithinthecascadeandwillhaveMttle effectonthevelocityof
propagationoflsrgestallcelk.

Calculationofwavelengthwhenrotatingstallcommences.-It is
nowpossible,withoutmalchganyadditicmalassumptions,topredictthe
wavelengthofthedisturbanceswhenrotatingstallccmunences.Because
of thesimplerepresentationemployedfortheboundary-layerresponse,

. itwouldbe unwiseto attempttoderivenumericalvaluesfromthis
result,butitis of interestinasmuchasthemainfeaturesofthe
phenomenoncanbe reprcxiucedwitha simplemodel.-

4
Whenequation(17),whichcanbe rewrittenas

T COt4~l(C@zCx

[

1+
ah COS2B2

is satisfied,stallpropagationis
inletsingle~~ to thecascadeis

(19)

possible.It canbe seenthat,as the
increasedandflowseparationcommences

ontheairfoils,a: willincreasefromabost zeroto a positive
quslltity.Thegroupontheleftsideof theequation(denotedbyB)will
thereforehavea valuewhichbeginsasa largepositivequantityat the
designpointanddecreasesas PI is fncreased.At anysettingof 131,
thegroupontherightsideof theequation(denotedby C)canhavean
infinitenumberofvaluesforeachharmonic,dependingon thevalue
of b assumed.Consideringonlytheprimarycomponentofthewave

- (n= 1),therewill,however,be a maximumvalueof C corresponding
to a wavelengthwhichmightbe consideredasthewavelengthwhichis
closesttobeingpropagated.As pl isincreased,themaximumpossible
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valueof C canbe computedforeachvalueof P1 andcomparedwith
thevalueof B (seefig.8),whichwill,ingeneral,be largerthan

.

thevalueof C. However,as @l isincreasedthedifference‘between
.-

B and C shrinksuntil,atthecriticalvalueof ~1,themaximum w-

valueof C correspondstothevalueof B at thatpointandstall
propagationbecomespossibleforthewavelengthwhichyieldsthis
vslueof C. Theproblemis,therefore,thedeterminationofthevalue .—
of b whichgives Cu.

Fortheprharyccmponentofthewave

-—‘=#-&+#-J -
fib+—

‘*’

(20)
.

v
Foramsximum(orminimum)valueof C, dC/db= O andthisoccurswhen

●

b=—
[

co:j32* 1-1
A studyoftheexpressionfor C showsthatthisvalueof b gives

a maximumvalueof C,at a valueof b whichmaybe positiveornegative

dependingonwhether T isgreaterthan,or lessthan,unity.
CL2(L/C3)

Theretienowtwopossibilities.If T > 1, then,for
a2(L/c)

?positive(i.e.,real)valuesof b, C hasa maxmumvaluewhen

b=-[~2(~/c3~ 11andthiswillbe thevalueof b whenstall

propagationcommences.H

forpositivevaluesof b
commencewiththesmallest

T
—< 1,thenthemaximumvalueof C
CL2(L/C3)
occurswhen b = O,andstallpropagationwill
valuesof b thatsrephysicallypossible.

.

.
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!Rms,thewavelengthisgovernedby theratio

of theboundsry-layertimedelayto theinertia
thecascade.

23.

*
whichistheratio

de~ ofthefluidwithin

Stallpropagationin circular,radial-flowcascade.-Fora radial-
outflowcascadeofthetypeusedfortheexperimentalstudy(fig.9),an
expressionforpropagationvelocitymaybe derivedin re coordinates
(seeappendix).

Withguide-vaneinterferenceeffectsincluded,butomittingthe
boundary-layertimedelay,

()rl 2v cot$1
—=—
crl ‘2 ml - (R/r~)a

a2 cos$2y

1

+ CosP2
11 + (R/rl)a

where rl/r2 istheratio
Insideradiusof cascade
Outsideradiusof cascade’

R istheoutside

radiusoftheguide-vanerow,and N isthenumberof stallcellsin‘the
cascade.Considerationoftheboundary-layertimedelayyieldslower
valuesOf V/crl thandoestheexpressiongivenabove.

and
the
the

and

h termsofthecascadepressurecoefficient

2(1- CP)

[

IN 1- (R/rl)~
sin2~1r 1#.#-l1Cos‘21+(R/rl)

this reducestothesameformas thatfortherectangularcascadewhen
stallcellssreverylargeor tiegapbetweentheguidevanesand
cascadeis small.

DiscussionofSolutions

Themostimportantpointofdifferencebetweenthepresentanalysis
theanalysesofSeersendMsrbleistheassumptionmadeherethat

downstreamnressurefluctuationsmaybe neglected.Forthecs.gecon.
sideredby Sears(thatwithnopressureriseacrossthecascadewhen
stallpropagationoccurs),~ = O andthepresentanalysisthenyields,
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v 2fordisturbanceswithlargewavelength,— = —. ThisisdoubleCx sin2pl .

thevalueobtainedby Sears.BecauseCp alwaysliesintherange0.3
to0.6whenstallpropagationcomnences,thevaluesforpropagation f
velocitygivenby thepresenttheoryareneverdoublesears!predicted

-.

valuesinsmypracticalcase,butmaybe greateror lessthanthese
dependingonthepressurerisegndwhetherthewavelengthofthedis-

..

turbanceislargewithrespecttothebladechordorofthesameorder
ofmagnitude.

Thevaluesofpropagationvelocitypredictedwhentheboundary-
layerdelayisneglectedshouldbe largerthanthoseobtainedexperi-
mentally,withthedifferencemostpronouncedforthecaseofdisturb-

.-—

antescoveringonlya fewairfoilswhentheboundary-layerdelaywillhave
an importanteffect.An increaseinthewavelengthofthestallcelh
shouldbe accompaniedby anincreaseinProPa&ti~velocitY>ifother
variablessreunchanged.

EXPERIMENTALINVESTIGATIONOFR~TING STAIL

Experimentalworkhasbeencarriedoutusingbotha stationary
.

cascadesnda single-stageaxial-flowcompressor.Thiscombinationhas
provedexceedinglyusefulbecausea widerangeof s~allwavelengths

~
w

couldbe examinedandthemeasuredcharacteristicscomparedwiththeory.
Inaddition,a comparisonofphenomenaobservedinthetwotestrigshas
givenan indicationofthevalueandlimitationsofthecircularcascade
asa researchtooltoreproduceeffectsfoundinturbomachines. —

StationaryCascade

Apparatusandprocedure.-fiorderto obtainthesimplestpossible
typeofflowinwhicha stablerotating-stallpatterncouldbe observed,
thecascadewasconstructedintheformofa circlebetweentwoflat
plates(fig.10). Airflowsoutwardthroughthecascade,andtheangle
of incidenceoftheairenteringthebladesis controlledby a setof
variable-anglenozzlesaheadofthecascade(fig.I-1).Thereue %

—

compressorbladesandanequalnumberofnozzles.Provisionhasbeen
.—

madeforremovalofthewallboundarylayersby suctionthroughslots
machinedinthecasing(fig.12). Airentersthetest,sectionthrough
twopipesperallelwiththecentralaxisofwe cascadeandturnsinto
theplaneofthecascadebeforebeingacceleratedinthenozzles.After
leavingthecascade,theairiscollectedina scrollandreturnedto
thecompressors.

&

.
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Anexteriorviewofthestationarycircular.
infigure13andthelongitudinalsectionandend

25

cascadetunnelis shown
elevationaredepicted

schetiticaliyinfigurei4. Thetestsectionofthecascadetunneiis
< showninfigure15. A schematicdiagramoftheflawcircuitwiththe

stateconditionsofthefluidtabulatedfora tyyicaloperatingcondition
isgiveninfigure16. Withtheclosed-circuitarrangement,theReynolds
numberandMachnumbermaybe variedindependentlyby changingthepres-
surelevelinthecircuit.Reynoldsnunibersup to 300,000(basedon
bladechordandconditionsenteringthecascade)andapproachMachnumbers
upto 0.8areattainable.

Thedimensionsofthespanandchordofthecompressorcascade
bladingare1.71inchesand0.96inch,respectively(fig.12),andthe
airfoilsectionis showninfigure11. Theairfoilshapewasobtained
by conformalmappingofa rectilinearcascadeintoa circularcascade
withradiusratio rl/r2of l.m. Intietransformedcascade,thechord
of theairfoil(definedas thestraightlinejoiningthecentersof
curvatureoftheleadingandtrailingedges)makesan angleof42°with
theradiusthroughthelesdingedge(fig.il.) Thedesign-pointinlet
airangleof48.5°measuredfromtheradiusandtheoutletairangleis
3~o. Thebladesofthecascadearelocatedinpositionbypinswhich
fitintoholesdrilledin thecasingon a circleofradius8.23inches
(figs.10and 12). Afterthestaggeranglehasbeenset,thebladesare
clampedintopositionat oneendwithbarclampswhichfitovertheends

“ of thepinsandfastenadjacentbladestogetherinpairs. ItiSthus
possibleto chsmgethestaggerangleofthecascadeby looseningthe
clampssndresettingtheblades.A differentprocedureisreqtiredfor
thethreebladesintheobservationwindowsinceclampswouldobscure
thepicture.Thesebladesareretainedinpositionby a wiresoldered
to theirtrailingedgesandto thetrailingedgesof theclampedblades
adjacenttothewindowl

At thecommencementof thetestprogrsm,difficultywasencountered
withfrequenttorsionfailuresof thepinsontheclampedendsofthe
blades. ~ addition,bladevibrationcausedchippingof theoptical
flatsaroundthepins(showingasa circularblemishon thesch.Heren
photographs)andthesolderfailedtoholdtheconnectingwireto the
bladesinthewindow.Theseproblemswereameliorated,thoughnotcom-
pletelysolved,by cementingthebladesto thecasingontheclamped
sideandcoveringthepinsof thebladesinthetestwindowwithcement
beforeinsertingthemin thewindow,thusincreasingthedampingendalso
cushioningthesurfaceoftheglass.

Thedesignofthetestrigandcascadeisdescribedindetailin
references8 and9.

-
Instrumentation.- Theobservationsmadeinthecascademaybe

dividedintotwoclasses,measurementsofmeanor steady-statevaluesof.
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pressure,velocity,andflowdirectionandobservationsofinstantaneous
valuesoftheseparametersandofthechangesintheflowfieldaround s

theairfoilsinrotatingstall.
—

*
To obtainmeanvaluesofstaticpressuresbeforeandafterthe

cascade,threepressuretapswerefittedbeforethecascadeat 12@ from
eachotherona circleof7.69-inchradius,

—
andthreepressuretapswere

mountedbehindthecascadebetweenthefirstthreeona circleof
—

8.94-inchradius(fig.12). Total-pressureprobesweremountedinboth
inletpipestopermita total-pressuretraversebeforethenozzles,and
thetestwindowcouldberemovedandreplacedby a smalltraversinggear
to obtaina total-pressuretraverseaheadofthebladesinthewindow.

Theairangleleavingthecascadewasmeasuredwithanuncertainty
ofti”usingtuftsattachedtotheconnectingwire. Theairangle
enteringthecascadewasassumedequaltothenozzleoutletangle,since
flowdeviationissmallfornozzlesandthenozzleswereso close
togetherthataccuratemeasurementoftheairanglecouldnotbe obtained.
An erroroftheorder@o isthereforepossibleintheairinletangle.

Themassflowthroughthecascadewasobtainedwithan estimated
accuracyofii/2percentusinga standardA.S.M.E.orificemeter.The
totaltemperatureleavingthecompressorwasmeasuredusinga thermo-
couplewithanaccuracyof52°F. ltroma kntiledgeofmassflow,air
angle,totaltemperature,andstatic

&
ressure,itwaspossibleto compute

themagnitudeoftheparameter *-
enteringthecascadefromwhich,

usinggaatablesforcompressibleflow,themeanentryMachnumber,
velocity,andtotalpressurecouldbe found.A checkontheaccuracyof
thismethodof calculatingtheconditionsenteringthecascadewas
avail.able,”inasmuchasthemeantotalpresstieobtainedshouldbe very
closetotheaveragevaluefoundfroma total-prehsuretraverseahead
of thecascade.A comparisonofthetwovaluesat severaloperating
pointsshowedagreementwithin0.5percent,sothatitwasnotnecessary”
tomaketotal-pressuretraversesaheadofthecascadeateachoperating
conditiontofindthemeantotalpressure.

Forobservationsintheunsteadyflow,themaininstrumentused
wastheGasTurbineLaboratoryportableschlierenapparatus,whichproved
effectiveforentryMachnumbersto thecascadeas lowas 0.2. Schlieren
photographsweretakenusinga GeneralRadio..35-millimeterhigh-speed
camera,snda 16-millimeterFastaxcs.mera,inconjunctionwithanEdgerton
high-speedstroboscopicflashunitoperatedat flashratesupto 61OOOCPS.
Theschlierenphotographsshowedthepropagationvelocityandthefrequency
oftherotatingstalls,aswellasthechangesinairangleaheadofthe
cascadesndthenatureof.theflowaroundtheairfoils.A pairofhot-
wireinstrumentsgaveanothermethodofcalculatingthepropagation .
velocityandnumberofstallcellsandalsoshowedqualitativelythe
natureofthevelocityfluctuations.Presstiefluctuationsbeforeand
afterthecascadewerecomparedby recordingthesignalsfrombarium *

titanatecrystalsconnectedto staticpress~etaps.
..—
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. Cascadeperformance.- beforecommencingthetestprogram,total-
pressuretraversesweremadeintheinletpipesandaheadoftheblades
in thetestwindow.Thethicknessoftheboundarylayerineachinlet

% pipewasoftheorderof0.1inchandoutsidetheboundarylayera
maximumvariationintotalpressureequalto 8 percentofthemean
dynamicpressurewasobserved,sothatthetotalvariationinveloci~
outsidetheboundarylayerdidnotexceedk percentof themeanvelocity.
Variationinmeantotalpressurebetweenthetwoinletpipesdidnot
exceed3 percentofthemeandynamicpressureintheinletpipes. h
spiteoftheuniformityoftheconditionsenteringthetestsection,
considerableasymmetryin staticpressurearoundthecascadewasobserved
behindthenozzles,espec~idl.ywhentheinletangle ~ tothecascade
waslow. At thedesigninletangle,thetotalvariationin staticpres-
surearoundthecascadewasU percentof themeandynamicpressure
leavingthenozzles.Theasymmetrygraduallydisappearedastherotating
stallregionwaaentered.Thesepressurevariationsweretoolsrgetobe
explainableby errorsinnozzle-throatarea.Also,thescrollshapeshould
havehadlittleupstreameffectsincethevelocityin thescrollwasvery
low. Themostplausibleexplanationofthepregsurevariationaroundthe
cascadeappesrsto lieinthepossiblepresenceofregionsof sepsrated
flowwithintheductwhichturnedtheflowleavingtheinletpipesinto
theplaneof thecascade.Becauseof thespacerequirementsof the
schllerenapparatus,theductwasdesignedforno accelerationof theair
as itturned,sothatunfavorablepressuregradientsin somesreasmay

w havecausedflowseptiationbeforethenozzles.Thiseffectwouldeqlain
thedecreasein thepercentageasymmetrywithincreasing~1,sinceup-
streamirregularitiesbecomelessimportantas thepressuredropacross
thenozzhsincreases.

Aheadofthebladesinthetestwindow,variationsin totalpressure
outsidethewallboundarylayersad thenozzlewakeswerelessthan
5 Wcent ofthemesndynamicpressureenteringthecascade.Thethick-
nessofthewallboundarylayerswasoftheorderof 0.050inchandthe
widthofthenozzlewakeswasapproximately0.070inch.

Thecascadeperfo~ce wasobtainedintermsofthepressurerise
acrossthecascadeandintermsofthecascadeoutletangleandisshuwn
infi~es 17 and18 inwhichthecascadepressurecoefficientC!pand
theoutletangle p2 measuredfromtheradialdirectionareplotted

vers~ @l* Itwasfoundmostconvenientto operatethewind-tunnel
compressorsat constantrotationalspeedduringa testrunandtovary
theairsngleenteringthecascade.Becauseof thecompressorcharac-
teristic,thisprocedureresultedinalmostconstantmassflowthrough
thecascadeat anyonerotationalspeed,independentofnozzleangle;

. and,inconsequence,the&ch numberleavingthenozzlesincreasedas
thenozzleswereclosed.Eachcurvein figure17 correspondstoa
constantvalueoftheratio W$nd-tunnelcompressoriipspeed. Speedofsoundinairenteringcompressor
denotedby ~, endin figure19 theMachnumberenteringthecascadeis
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plottedagainst1,31foreachofthethreecompressorspeedsused. It
canbe seeninfigure17that,foranyvalueof ~1,thereisa slight
increasein ~ withincreasingval-uesofa. Withinexperimental
error,no changein ~2 withMch numbercouldbe determined.

Startingatem inletangleof42°,thepressurecoefficientincreases
with PI untilat48°thecurveflattensoutbrieflybeforerisingagain.
Theexplanationofthisdipliesinthefactthatthenozzlewakeswash
overtheairfoilsata valueof j31equalto49°andhavea seriouseffect
onthecascadeperformance.Thepressurecoefficientthenrisesoncemore
untila peakvalueisattainedat an inletangleof~“. Thereafter,the
pressurecoefficientfalls,untilwhen ~1 equals59°thecurvestarts
toflatten,hasa minimumvalueat600,a secondpeakat 63°,andthen
fallsoffagain.Thenozzlewakescrosstheairfoilsa secondtimewhen
P1 attainsa valueof600andatthispointsomeunsteadinesswasobserved
inthenozzleandcascadewakes,butstallpropagationdidnotbeginuntil
thenozzlewakespassedthecascade.Randomstsllswereobservedaten
inletan~e of61°,andperiodicrotatingstallcommencedataninlet
angleof64°.

Ithasbeensuggestedthatthetemporaryriseinpressurecoefficient
afterinitiationoftheunsteadyflowmaybe partly-duetotheincrease--
in theroot-mean-squarevalueof thevelocityenteringthecascade.For
a giveninletangleandmassflowrateinenunstea-dyflow,themean
pressureriseacrossthecascadeisproportionaltothetimemeanvalue
ofvelocitysquared,whichincreasesasthevelocityfluctuationsbecome
lsrger.

At thelowestcompressorspeed,theMachnumberenteringthecascade
doesnotexceed0.35,sothatcompressibilldtyeffectsshouldbesmalland
theexperimentalresultsmaybe usedtotestthetheorypresentedprevi-
ously.UsingthemethodofappendixA, a hasbeencalculatedforeach
inletangleup tothepointwhererotatingstallcommencesandisplotted
againstcot~1 infigure20. ~ theregionbeforerotatingstall
begins,thecurveispracticallya straightline,witha gradientvery
closeto thevaluepredictedby thetheory,thetangentpassingsldghtly
belowtheorigininsteadofthroughit. Thisresultisinagreementwith
experimentalevidenceforrectilinearcascadespresentedby Rmnons,
Pearson,andGrant,inreference2. Inthecircularcascade,rotating
stallstartedat a valueof u ofapproximately0.80.Itis,of course,
impossibleto findvaluesof a forhigher.~les ofattackinthe
rotating-stallregionbecauseoftheunsteadyflow,
couldnotbe increasedsufficientlytopass~through
regionintoa stateof steady,fullystalledflow.

and
the

thenozzleangle
unsteadyflow

.

c’

——

.—

.

,-

—

.
.

.
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Schlierenphotographsoftheairfoilsinthesteadyflowarepre-
sentedinfigure~, at inletanglesof420,460,49.5°,53.2°,56.8°,
and60.40.Thenozzlewakesandthecascadeboundarylayersarevisible
andtheforwardmovementoftheseparationpointwithincreasingP1 can
be observed.

Rotatingstallin cascade.-As thenozzleanglewasincreased
beyond6(P,theonsetofrotatingstallwasaccompaniedby an increasein
airnoisefromtheapparatus,witha sharpintensificationofthesound
at64°whenfullrotatingstallcommenced.ForinletMachnumbers
above0.5,lsmbdashocksappearedontheuppersurfaceof theairfoilsat
highnozzlesngl.esandtheoccurrenceoftheseshockwaveswassignalled
by a high-pitchedscreamingsound.Therotating-stallphenomenaat low
Machnumberswillbedescribedfirst,sincecompressibilityeffectshad
a stronginfluenceontheperiodicityofthestallpattern.

To obtainsatisfactoryschlierenpictures,MI wasreqtiredtobe
atleast0.2. Inconsequence,a compressor@ of0.173(with~
rangingfrom0.2to 0.35)wasmostsuitableforevaluationofrotating-
stallphenomenaatlowMachnumbersandextensivetestingwascsrried
outatthisspeedsettingofthewind-tunnelcompressor.As canbe seen

. fromfigure21(f),justbeforethetransitionfromsteadyflowtorandom
stalloccurred,theseparationpointonthesuctionsurfaceoftheairfoils
wasapproximately30percentof thechordlengthresxwardoftheleading

● edge.A 1° increaseinangleofattackfromthispointwassufficientto
startrsndomstall.

E thisregionof operation,thedisturbancedldnotalwayspropa-
gatefrombladetobladeacrossthewindowbutwouldfrequentlydieout
beforereachingthelastblade.5EL differencesinb~de settingmay
havebeenresponsibleforthiseffect,sincethepossiblevariationfrom
thenominalsettingwasestimatedat*lo. FiWe z(a) showsonecycle
of stall=d unstallintherandom-stallregime.Someofthepictures
takeninthisregionof operationshowedtheairfoilsinthewindow
remainingstalledfor20 to30millisecondsbeforeunstslling,while
othersrevealedstallspropagatingacrossthewindowat intervalsof
5 to10milliseconds.WithincreasingBl,thedisturbancesappeared
moreregularlyuntilat PI= 64° thedisturbancescrossedthewindow
at timeintervalsrangingfrom3.2to 5.6millisecondsandcouldnowbe
properlycalledrotat~ stall(fig.22(b)).An tirfoilwasnowstalled
forapproximately40percentofthetime,andthewavelengthofthe
stallswasaboutsixbladespacings.Withfurtherincreasesin Bl,the
stallsappearedmoreregu~ly andat f31= 67°(fig.22(c))thetime
intervalsbetweendisturbancesvariedonlyfrom3.0to 3.6milliseconds..
1?% thefilmrecordsthevelocityofpropagationcouldbe calculated
within5 percentanditwasfoundthatatanynozzlesettingtherewas

. littlevariationinpropagationvelocitybetweenstallcellsbutthat
theaveragepropagationvelocityincreasedfrom%)fpsto 120fps
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as ~1 wasincreased
timeintervalbetween
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from63° to6T. Becauseofthevariationinthe .
stallsandtheuncertaintyinpropagationvelocim,

thenumberof stallcellscouldhe estimatedon-mwi~hi~aboutonecell”
butthereappearedtobe approximately9 cellsinthecascadeat PI= 64°, f
withthenumberincreasingto I.1at pl= 67°. Inl%bleI,themeasured
propagationvelocitiesaretabulatedandcomparedwiththeresultsobtained
usinghot-wireequipment.

Overthewholerangeof inletanglesforwhichrotatingstallwas
obtained,itwasfoundthatthetimerequiredtounstsllanairfoilwas
alwaysgreaterthanthetimerequiredto stallanairfoil,theformer
processrequiringapproximately0.6to 0.8millisecond,whilethelatter
wascompletedin 0.4to 0.5millisecond(figs.22and23). Thatthis
shouldbe thecaseisnotsurprisingwhenitis consideredthatthefluid
intheseparatedregioncanonlybe removedat itsownlowvelocityafter
boundary-layerreattackntbecomespossiblejwhiletheboundarylayer
canseparatefromallpointsoftheuppersurfaceoftheairfoilwhen
stalloccursandfillthepassageveryrapidly.At thehi@er values
of ~ , reversedflowwasobservedinthechannelsbetweenairfoilsafter

%stallad occurred,sothat,afterthereverseflowhadstopped,a small
mount ofinitiallystationaryfluidhadtobe removedfromthechannel

.-

beforegoodflowcouldrecommence(figs.22(c)and23). Itcanbe seen, w“‘“
therefore,thatitisimpossibleto separate.theeffectofboundary-layer
timedelayfromtheinertiaeffectformeasurementpurposesduringthe

—

unstallllngprocesssincetheflowratethroughthechannelmustbe
● .

changedbeforethereattachedboundarylayercanbe seen. @ theother
hand,when.theairfoilstalls,flowseparationanda decreasein a can
takeplacewithoutnecessarilybeingaccompaniedby a changeinflow
ratethroughthechannel,sothatthetimetakento stalltitera change
ininletanglecanbe usedtoobtainanupperlimitfortheboundary- —

layerdelay.Theaveragetimeforstallwasapproximately0.5milli-
secondthroughouttherangeofinletangles;however,thisisnotequal
to theboundary-lsyertimedelay T since,fortheequivalentexponential-~
lagsystem,theminimumtimerequiredtoattain95percentofthefinal
changein a aftera stepchangein PI wouldbe 37. An approximate
valuefor ~ istherefore0.16millisecond.Theinertiatimeconstant
L/c3 Crwasequalto__O.35millisecondforthisoperatingcondition}since . —
C3.—. 230fpsandthebladechordL = 0.96inch.Thus,theupperCospa
limittothevalueof T wasapproximately~ ~ andthetruevaluewas

2 C3
certainlysmallerthanthissincetheinletangledidnotchange
instantaneouslyandtheobservedresponseoftheboundarylayerwas
thereforeslowerthanthetheoreticalresponseto a stepchangein
inletangle. *

.
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An interestingfeatureofthephotographsistheoccasional
a~arance @ter stallofwhatseemtobe vortexplanesattheentrance
toa channelat themomentwhenthefluidwithinthechannelis station-
aryandtheinstallingprocessisaboutto comence(fig.23).Theplanes
retaintheiridentityinsubsequentpicturesandmovethroughthechannel
as goodflowisreestablished.Theseplanesmsybe formedby shear
actionbetweenthedeflectedmainflowandthestationaryfluidwithin
thepassageandarevisibleas shsrplinesonlywhentheyme perpendicular
to thepla,neofthecascade.

Hot-wireequipmentwasusedto checkthenumberof stallcellsand
thepropagationvelocityandalsofortraversingin thespanwisedirec-
tiontodeterminewhetherthewholepassagewasaffectedby rotating
stall● Theequipmentemployedwasofthetypemanufacturedby theFlaw
CorporationofCambridge,Mass.,andis showninfigure24withthe
dual-besmoscilloscope,Landcamera,andaudio-oscillator.Twohot-wire
probeswereinstalledbehindthecascadeata distanceapartofnine
bladespacings.Thesignalsfromtheprobeswereamplified,fedto the
dual-beamDu MontType322oscilloscope,andphotographedwitha Land
cameratobe analyzedlater.A timescalewasaddedto eachphotograph
by feedingan oscillatorysignalto thebeamintensitycontrolofthe
oscilloscopeandthussuperimposinga 11.neofblipsofanydesired
frequencyonthetrace.SincetheapproximatenumberofstallcelJ-swas
alreadylamwntobe intheneighborhoodof 12,twoprobesseta fixed
distanceapartweresufficientfordeterminationofthephaselagandit“+ wasnotnecessarytoresorttothemorecomplexprocedurerequiredfor
identificationofthenumberof stallswhenno otherinformationis
available.Fromthephase-lagmeasurements,thenuber of stallcells
couldbe calculated,andthisinformationtogetherwiththefrequency
of thedisturbancespassingonewirewassufficientforcomputationof
thepropagationvelociw. Theaccuracyof thismethoddependsentirely
on theregularityofthedisturbancessincethephaselagcsnbe measured
sufficientlycloselytopinpointthenuniberofstallcellsonlyifthe
phenomenonisperiodic.As canbe seenfromthetracesinfigureq, the
variationbetweenstallcelJswasresponsibleforanuncertaintyof about
onece~. Forex~le, at B1= 680 theest~ted n~ber variedfrom

11to 12,with12themostlikelynumber.Inaddition,it ispossible
thatthenumberof cellschangedwithtime. IntableI theresultsof
thehot-wiremeasurementsarecomparedwiththoseobtainedfromschlieren
photographsandtheagreementis good.Allthetestingdescribedin
tableI wascsrriedoutwitha cascadeReynoldsnumberof240,000.By
loweringthepressureat theinletto thewind-tunnelcompressorsfrom
20psiato 10psiatheReynoldsnumberwasloweredto120,0CXlwithout
chsngingtheMachnumberandvelocity.At thelowerReynoldsnumber
rokatingstall.didnotbeginuntil j31attained630,andthepropagation

. velocitywasapproximately15percentlowerthanatthehigherReynolds
number.Thereappearedtobe 12 stallcellsinthecascade.Since‘the
Reynoldsnumbershouldsffectonlytheboundary-layerdelay,andpossibly

. thedownstreampressurefluctuations,onewouldexpectonlya sfl change
inpropagationvelocitywithReyaoldsnumber.
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By traversingthepassagewiththe.hot-wireprobes,thediscovery
wasmadethatperiodicrotatingstallexistedina sharplydefinedband

.

ofaboutl/4-inchdepthadjacenttoeachendwallofthecascadewhile
thedisturbanceswerestillofa randomnatureovertherestofthe f
casctie.me tipstan beg~ at ~1= 610 andpersisteduntil P1= 63o, ,
afterwhichtheperiodicstallfilledthecascade.

Removalofthebound~ layerthroughtheslotsbehindthenozzles
hadnomeasurableeffecteitherontherotating-stallcharacteristicsof
thecascadeoronthecurveof ~ versus~1. Ifmorethan2 percent

—

ofthemainflowwasremoved,thecascadepressurerisedecreased>
indicatingthatfluidfromoutsidethenozzleboundarylayerwaslost
andthattheinletvelocitytothecascadewasreduced.Thetipstall
persistedandmayhavebeencausedby cornervorticesbeingshedby the
nozzles,asdescribedinreference10. Carbon-blackpatternsshowedthat
theendsofthebladeswerestalledat B1= 56°.

WithincreasingMachnumber,thehot-wirepatternremainedperiodic
untilshockwavesfirstappeared,afterwticha furtherincreaseinMach
numberwasfollowedby a rapiddeteriorationintheperiodicityofthe
trace.A high-speedfilmtakenat ~1= 67.20with Ml= 0.65 showqd
thestallpatternbuildingup andthencollapsingasdescribedbelow. - -,
Followinga periodof14millisecondswithalltheairfoilsstalled,a
briefperiodofpartialunstaU.movedacrossthe~ndow. Twenty-eight “*
milld.secondslater,6 cyclesofunstallmovedpastthewindow,each
cycleoccupying1.5milMseconds.Aftera further20.7milliseconds
fromthea~earanceof thecells,theclusterofstallsmovedby once
again,buttherewerenow8 ofthemapparentlyoccupyingone-halfof the
circlesincetheytook12millisecondstopassthewindowandhada
propagationvelocityof184fps,correspondingtoa timeof21milli-
secondsfor1 revolution.Anotherintervalof9-mil_lisecondduration
followed,withaXltheairfoilsinthetestwindowfullystalled,andat
theendofthistimethe8 cellscameby again,butthistimetheyhad
apparentlysprungaparttofillthecascadesincetheintervalbetween
eachcellhaddoubled.Thefilmterminated.atthispoint,butthehot-
wiretracesindicatedthatthisprocesswastypicalofthephenomena
athighMachnumbersandwasprobablyfollowedby collapseanda later
reformingofthepattern.A portionofthefilmisreproducedin
figure26 andshowsstronglambdashocksap~aringontheuppersurface
oftheairfoihaftertheinletangleincreased,withboundary-layer
separationbehindthe”shockwaves.At thisMachnumberV/cr hada
valueof 0.66.

At verylowMachnumbersthepressurefluctuationsaheadofthe
cucadewerethreetimesas largeasthosebehindthecascade(fig.27).
WithincreasingMch number,therelativemagnitudeofthepressure
fluctuationsbehindthecascadeincreased,untilat Ml= 0.5 theywere
aslargeasthoseaheadoftheblades.

.

*
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Thenozzlewakesgavea usefulindicationofthe
thecascadeduringrotatingstall,anda comparisonof

inletangleto
thehigh-speed

33

motionpictureswiththesteady-flowschlierenphotographsshowedthat
duringtheunstalledportionofthecycletheinletanglewasnever
lessthan~“, sothattheairfoilwasnotoperatingto theleftof the
peakonthe CP curveatanytimeduringthecycle.

No steady-statehysteresiseffectswereobservedinthecascade
responseto changesininletangle,thepressurecoefficientand
rotating-stallcharacteristicsbeingdependentonlyon 131andunaffected
by theweyinwhichtheoperatingpointwasapproached.Thissuggests
thatinterferenceeffectsbetweenbladerowswe responsibleforthe
hysteresisfoundin compressorstallcharacteristics.

Effectof cascadesolidityonrotating stall.-Withtheoriginal
bladespacing,thestallcellshadtheappearanceof a cloudofmaterial
offixedidentityrollingalongthecascade.Thisillusionof continuity
wasso strongthat,whenthefilmwasprojected,theobserverreceived
theimpressionthatthestallwasflowingoverandthroughtheblades
ratherthanbeingpropagatedfromonebladeto thenext. Theposition
oftheboundsryofthestallcellwasa linearfunctionoftimeandthere
wasno appearanceofdiscontinuitydueto thefinitebladespacing.k.
ordertodeterminetheeffectof cascadesolidityontheappearance,
velocity,andnumiberofthestalls,everysecondbladewasremovedfrom

. thecascadesothatthesolidityu
(

Chord
)

definedas ~ wasreduced

to 0.5,andthecascadewastestedonceagain.h figure28 thepressure
coefficientisshownforvaluesof ~ of 0.173and0.288,endin
figure29 ~ isplottedagainstF1. Therewasnowverylittleturning
oftheflowandthegreaterpartofthepressurerisewasduetothe
changeinradius,whichwasresponsiblefora theoreticalpressurecoef-
ficientof 0.25.The $ curvestillshowedthessmecharacteristics
as thoseobservedwiththehighersolidity,witha dipin thecurve
at j3~=490,a peakat SI= 54°,a mtnimumvalueat pl= 600,enda
secondpeakat P1= 62°. Rotatingstallwasobservedinthewallbound-
arylayerat theendsofthebladesat an inletangleof 610,andfull
rotatingstallconmencedat640. Thepressurecoefficientandflow
deflectionwerenowtoosmalltopermitaccuratemeasurementof m, which
wasapproximately0.9whenrotatingstallbegan.

High-speedschlierenphotographstakenwithan inletMachnumber
of 0.35showedthatthenumberof stallcellswasapproximately13,with
V/Cr increasingfrom0.76at P1= 65° to 0.86at PI= 68.6°.mere

A werenowonlytwoairfoilsinonewavelengthofthedisturbance,and
yetthestallsstillmovedwithuniformvelocityalongthecascade.
Flowseparationonthesuctionsurfaceof onebladeccxmnencedwhenthe

*
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pressuresideof thebladewastouchedby thestalledregiongenerated
by thepreviousblade(figs.30(a)and30(b)).lZrequently,theboundary
layerreattachedononebladebeforestallcommencedonthebladeabove
it,sothatpartofthepassagehadgod fl.wwmle theuPperportionof
thepassagewasstill.occupiedbylow-energyfluid.Whena bladestalled,
a regionofflowseparationappearedfirstat theleadingedgeandthen
grewsndmovedbackalongtheblade,requiri~approximately0.5millis-
econdto covertheblade.To obtaina betterdefinitionof thenozzle
wakes,a high-speedmotionpicturewastakenwithan inletMachnumber
of 0.45(fig.31)and,fromthis,it canbe ~eenthattheairinlet
angleto anairfoilincreasedsharplyjustbeforetheairfoilwas
touchedby thestallpropagatingfromtheadflacentblade.

A furtherreductionin solidityto 0.33wasaccomplishedby
removingnineofther~ning bladesfromthecascade.Onlyoneblade
wasnowvisibleinthewindow,butrotatingstallstilloccurredandthe
turbulentairfromtheadjacentbladecouldbeseencrossingthewindow
beforestalloccurredon thebladeinthewindow(fig.32). Thefre-
quencyofthedisturbanceswasnowalmosttwicethefrequencyobtained
witha cascadesolidityofunity,being630cpsat B1= 68.6°.Hot-
wiremeasurementsshowedthattherewerestillapproximately13stall
cellsin thecascade,propagatingwitha velocityof200fps.

Whennineoftheremainingbladeswereremoved(leavingnineblades
inthecascade)rotatingstalldidnotappesr,andforinletangles
greaterthan61otheflowseparatedfromtheleadingedgeas shownin
f@ure 33. Thestallingprocesswasqtite%brupt,withthesep~ation...
pointjumpingsuddenlyfromthe30-percent-chordpositiontotheleading
edgeas P1 wasincreasedfran600to 61o.

Jnfigure34, thefrequencyofthestallsisplottedagainst
so~dityfor ~1= 68.6° and Ml= 0.35,andonthesamediagramthe
frequencyofeddyformationfora singleai@oil(VonI@@in vortex
street)asdeterminedby FageandJohansen(ref.11)is shown.The

‘rr
formulafortheeddyfrequencyofa plateo~_airfoilis f = 0.15%,
where f isthefrequencyincyclespersecond,V isthefree-stream
velocityinfeetpersecond,and b isthecomponentof chordnormal
to thefreestreaminfeet. Thestallfrequencyapparentlytendd
towardsthesingle-airfoileddyfrequencyasthesolidi~wasdecreased.
Whenthecascadesolidityistoolowtopermitrotatingstall,the
airfoilsshededdies,andforthenineairfoilsinthecascadean
attemptwasmadetomeasuretheeddyfrequency.Accuratedetermination
wasdifficultbecauseof stresmturbulencemidbecausethehot-wire
couldnotbe traversedtofindthepositionwherethedisturbanceswere
mostregular,buttheeddyfrequencyappearedtobe approximately
1,000cpsandthispointlayona smoothcurvethroughthesingle-airfoil
eddyfrequencyandtherotating-stallfrequencies.Althoughaccurate
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determinationoftheeddyfrequencywasnotpossiblewiththepresent
arrangementoftheapparatus,thisresultsuggeststhattheremaybe a
connectionbetweentheeddyfrequencyQ theabsenceofrotatingstall
andthefrequencyof stallcellswithsmallwavelengths.No experi-
mentalworkhasapparentlybeendoneon$heeffectofbladespacingon
eddyfrequencyanditwouldappearthatsucha studymightshedsome
lightontherelationship(ifany)betweeneddyfrequencyandrotating
stall.Theeddyfrequencyisgovernedby thesameparametersthat
determinetheboumdary-layerresponseinrotatingstallandthefact
thatno satisfactorytheoryofvortexsheddinghasyetbeendeveloped
isan indicationofthecomplexityoftheproblemandtheinadequacyof
thesirpleexponential-lagrepresentationoftheboundary-layerresponse.

Comparisonoftheorywithexperiment.-Usingthesimple~eory
with ? assumednegligible,thetheoreticalpropagationvelocities
werecomputedfrm thecurvesof c-pti ~2 versusB1 forthe
cascadewtthsolidifiesof1 and0.5. Thecalculationscouldbe made
onlyinthesteady-flmwregionsinceit isunlikelythatthepressure
measurementsintherotating-stallregionrepresentthesteadycascade
performance.fi consequence,”itisnotpossibleto comparethetheo-
reticalpropagationvelocitiesdirectlywiththeexperimentalresults
forthessmeangles.Infigure35(a),thecomputedpropagationveloci-
tiesfor9,10,I.1,and12 stalh areplottedversus~1 for a = 1,
togetherwiththeexperimentalvelocities.ThebrokenLl_nesrepresent
theextrapolationofthetheoreticalcurvesintotherotating-stall
regimeanditcanbe seenthatmostoftheexperimentalpointsliewithin
thisarea,whichisaamuchas couldbe hopedforfroma simplelinear-
izedtheory.Tnthiscase,failureto considertheinertiaofthefluid
withinthecascadewouldresultin an erroroftheorderof lM)percent
inthepredictedpropagationvelocity.Thepropagationvelocitywith
a Reynoldsnumiberof120,000and12 stallce~s isslightlysmallerthan
thatwith1.2cellsanda Reynoldsnumberof 2ko,ooo.

Ihfigure35(b),thecomputedandobservedpropagationvelocities
areshownforthelowersolidity,andheretheagreementisnotsogood.
Theassumptionofone-dimensionalfl.owwithinthepassagesis certainly
notvalidforlowcascadesolidityandtheeffectiveinertiaof theair
withinthecascademaybe considerablylessthanthevaluegivenby the
theory.Thegoodagreementbetweentheexperimentalresultsandthe
simpletheoryforthehigh-soliditycascadesuggeststhattheboundary-
layertimedelay T maybe considerablysmallerthantheapproximate
valuecalculatedesrlier,sincea valueof lL

T ‘qti ‘0 a= ‘odd
reducethepredictedpropagationvelocityby about30percent.IYom
figure34,itcanbe,seenthatincreasingthecascadesoliditybeyond
0.75haslittleeffectonthestallfrequencyand,hence,ontheprop-
agationvelocity.Accordingly,itwouldappearthattheneglectoffinite
bladespacingh thetheoryisjustifiableforsolidifiesgreaterthen
0.75.

,.
,,.,,..

u
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RotatingStallina Free-VortexSingle-StageAxial-F~owCompressor .

Someof theunpublishedresultsobtainedinan investigationof
rotatingstallina single-stagecompressor.arepresentedhereinfor
comparisonwithcascadeperformanceendtheo~. Thecompressorwasa

r

free-vortexmachinewitha hub-tipratioof 0.75,andthestageconsisted
of a rowof inletguidevanes,a rotor,and.asetofstatorblades.The
axialcleersncebetweentherotorandguidevaneswas1.5inchesandthe
rotorhadan outsidedieneterof23.25inchesendheld44bladeswitha
meanchordlengthof1.5inches.Withthestatorremoved,an investigation

.—

oftherotating-stallcharacteristicsofthemachinewasmadeusinghot-
wireequipment.Fortherotor,thegecmetryofthebladingwasquite
similartothatofthestationarycascade,witha design-pointairinlet

.—

angleof48°atthemeanradius.

Theperformanceoftherotorintermsofpressurecoefficientand
relativeoutletangleatthemeanradiusversusrelativeinletangleis
showninfigures36 and37. As themassflowwasdecreasedat 1,500rpm,
eightstallcellsappearedat 131= 67° coveringthebladesfromroot
to tfpandpropagatingat approximately30percentofrotorspeedrelative
to therotor.A furtherdecreaseinflawcauseda changetoninecells
at j31=71°,withapproximatelythesamepropagationspeed.At ~1= 75°,
theninecellswerereplacedby a singlestallce~ propagatingat 50per- -
centofrotorspeedrelativetotherotor.Threestallcellsappeared
at ~1= 800 andfourcells,at f31=84°.-Throughoutthewholerotating- “~~
stallrange,thepressurefluctuationsaheadoftheinletguidevanes
werelessthan25percentofthepressurevariationsbetweentheguide— “-– ,_
vanesandtherotor,indicatingthattheeffectoftheguidevanesonthe
unsteadyflowwassubstantiallyasassumedintheanalysis.Thepressure
variationsbehindtherotorcausedby rotatingstall.(thatis,thediffer-
encebetweenthefluctuationswithandwithoutrotatingstall)wereless
than25percentof thoseaheadoftherotorthroughoutthewholeflow
rangeinwhichrotatingstallwasobtained. —

Infigure38,thepredictedandobservedvaluesofpropagation
velocityareplottedagainstP1. At thecommencementofrotatingstall

—

wherethelinearizedtheoryismostlikelytobe applicable,theagree-
mentisremarkablygood.As inthecascade,theaccuracyofthesimple
theoryindicatesthattheeffectoftheboundary-layerdelayonvelocity
mustbe small.ThechangefromninecelJ.sto onecelJat P1= 75° was
accompaniedby a considerableincreaseinpropagationvelocity,verifying
thepredictionthatpropagationvelocityshouldincreasewithwavelength.
Thetheorycomeswithin25percentinpredictingthepropagationvelocities
ofthelsrgestallcells,probablybecausethepressurefluctuations
behindtherotorweresmallinthiscaseevenforlargecells.By con- .
sideringtheflowfieldbehindthecascadeas a continuum,itispossible
to obtaina solutionforpropagationvelocitywhichreducestothe

.
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Sears-l&rbleresultforlargewaveswithsmallpressureriseacrossthe
cascade(appendixC). Thissolutionpredictspropagationvelocitieswhich
sremuchlowerthantheexperimentalvaluesforboththestationarycas-
cadeandtherotor,showingthatneglectingthedoynstrempressure
fluctuationsisthebetterassumptionforthesingleblsderowstested.

SUMMARYOFltESULTS

A theoryofstallpropagationina cascadeofairfoilsofhigh
solidityhasbeendevelopedwhichincludestheeffectsoffiniteblade
chordandoftheboundary-layerresponseto changesinangleofattack.
Whentheflowdownstreamofthebladerowwastreatedaaa seriesof
freejetsdischargingintoa constantpressurechamber,thefollowing
resultswereobtained:

(1) Thewavelengthof thestallcellsatthebeginuingof
rotatingstall,whichwasobtainedanal@ically,wasdependentonthe
amountoftimerequiredformovementoftheseparationpointonthe
airfoil(boundary-layertimedelay).

(2)Thetheoreticalpredictionthatthevelocityofstall.propaga-
tionincreaseswiththewavelengthofthestallcellwasconfirmedby
experiment.

(3) me valuesobtainedanalyticallyforthestallpropagation
velocitiesagreedwithin25percentovera widerangeofwavelengths
withtheresultsobtainedexperimentallyonboththestationarycircular
cascadeandthesingle-stagecompressor.

Whentheflowdownstreamofthecascadewastreatedasa continuum,
thesolutionforthestallpropagationvelocityappliedto thecaseof
largewaveswitha smallpressureriseacrossthecascade.Forthiscase
thepredictedstallpropagationvelocitiesweremuchlowerthanthose
obtainedexperimental.y.

MassachusettsInstituteofTechnology,
Cambridge,Mass.,M@ 10,1955.
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APPENDIXA

CATAWIATIONOFCASCADEDISCHARGE

FORREALCASCADE

COEFFICIENT

Thecascadedischargecoefficienta hasbeendefinedas theratio
oftheactualmassflowthroughthecascadetotheidealmassflowfor
thesamevalueof

(Po~- Pa)
andflowdeflectionwithno losses.It —

maybe obtainedfromconventionaltestresultsasfollows:

Fora rectiline~cascade,

a=

Therefore,

Actualmassflow
Ideal.massflowforsame

(
l?ol- P2

)

c1Cosfll
a= Cospa

‘c2)ideal.

Sincepo2= Pol withno losses~

Thus,

Cos!31
=

co’ %Fz

..—

—

.

—

—

. —
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where

Fora circularcascade,

whichreducesto

39
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APPENDIXB

STALLPROPAGATI@VEIQCITYINPOIARCOORDINATES

StallPropagationinCircularCascade

Thecircularcascadearrangementisas showninfQure 9. Consider
disturbancesfromanincompressibleplanesource-vortexflowwithvelocity

rl rl
componentsCe= Ce17 smdcr=c rl~ smdangle ~1 measuredfrom

theradialdirection.Theflowbeforethecascadeisirrotationalso
thata velocitypotentialcanbe used.

Inthedisturbedflow u = Crl~ + ~ rl
andv= Cely +%.

llromcontinuity,

—.
.

j+lr)+~=o

Therefore,

lXf+r+~+*e=O

Solutionstothisequationareobtainedintheform

m

1Q’X_r%(tlCos ne +~(t) sinne#
n= ‘- -1

satisfyingtheconditionqr=Te=Oat r=O.

perturbationdoesnotdieoutat theorigin.For n = 1,thevelocity

FromBernoulli’sequationforunsteadyflow,

—

.
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. If inertiaeffectssreneglectedbetween@ and@ (fig.9) then

\ Clwl + 5P@ = ~3~c3+ @?3/P

41

sothat

(%)1 + C3&3 + 5P3/P= o

InertiaEffectsWithinCascade

Inordertoobtaintheinertiaeffectswithinthecascade,it is
assumedthatthebladesareintheformof logarithmicspirslsof small
curvature(validif r~r~ is closetounity);thus,themomentumeqyation
alongthemesnlineofthepaEsage(calledtheZ-sxis)canbe written

—s thessmeeqmtiongivenfortherectilinearcascade.A similarprocess
of integrationgivestheequation

L~(&3) + (%)1+ C2 5C2= o

Also,

C2‘2’(NC3‘3-($c=
as inthecaseofthe

rlA2 since
by a =~y

g A3. Therefore,

rectilinearcascade.Eowever,u isnowgiven

theoutletareawithno separationregionisnow
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—
.

&—=
a

+5(u/v)= $V duv;u ‘v

whichreducesto

h CL’—.—
a–a

An equationfor q at @

9r - cot f!l~/r

*

cel

is obtainedintheform

) ()

2 cot2@lcr9e~cotpla’ at r~——
‘a3 r2

=
a cos2~2rl

—

.—

Cos

are

i-

By insertingthesolutionfor q andseps.ratingthecoefficient~of .
ne ad sinnf3,twodifferentialequationsintermsof ~ snd bn
obtainedwhichyieldthecharacteristicequation “—

aStallpropagationoccurswhen a’= —cotpl andthevelocityof the

nthharmonicisgivenby

()Vn rl 2 cotpl
—=—
crl r2 + Cos@

Thus, ifthereare N symmetricalstallcellsinthecircularcascade,
thevelocityofpropagationoftheprimarycomponentisobtainedfrom

v
()
‘1 2 cotpl .

—= —
Crl r2 + Cospz

●
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UpstreambterferenceEffects*

Indeterminingupstresminterferenceeffects,ifa rowof inletguide
vsnesisplacedbeforethecascade,withoutsidersdius. R, then ~ will
be forcedto zeroat r = R snda solutionis obtainedintheform

Substitutingthissolution,asbefore,in thedifferentialequation
satisfiedby cpat @ smdcarryingthroughtherestof thesolution
give

()v_ n2 cot pl
—.—
Crl ra

LN1- (R/r~)2N -a2 cos~2— ~ + Cospa
‘1 1 + (R/rl)

. where V isthevelocityofpropagationof thefundamental
of thewavewhenthereme N symmetricstallcelh inthe

L

component
cascade.
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APPENDIXC!

STALLPROPAGATIONVELOCITYWITH

.

FLOWINTOA CONTINUUM
.

By assumingthatthefluidfromeachbladepassagemixeswithout
pressurerecoveryimm&iatelytiterleavingthecascadesothatthedown- ,.
stresmflowfieldisa continuum,itispossibleto obtainan expression
forpropagationvelocitywhichreducestotheSears-Marblevaluefor
largewaveswithsmallpressureriseacrossthecascade.

Underthesecircumstances,thex-ccmponentofvelocityimmediately
behindthecascadeintheunsteadyflowwillbe

y-componentofvelocitywillbe [Cx+(%)l]tm ;:(%)’ ‘dae

Inthedownstreamflowfield,let

u= Cx + u’

v= c~ tan pa+ VI

Thelinearizedmomentumequationsare

Differentiatingthex-mcmentumequationwithrespectto x andthe

(
y-momentumequationwithrespectto y andaddinggive by usingthe

au‘ avf
continuity relation

)z+~=o

a2
@@ +~(m)=o

.
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A solutionto thisequationmsybe obtainedintheform

[ 1

-nnx/b
==~ en(t)cos~+~(t) sti&e
P n=l

l%romthex-momentumequation

:$#5P)+ #+%*+ cxtanm* =0

But

Therefore,

*#5p) +#-cx~+cxt @2& =0

At thecascade,

V2 ‘ = u2’ tan ~

!Cherefore,

but

45

.

.
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andso

Therefore,

%.Cn(t) = ---&

and F5P/Psfterthecascadeis 5p2/p whichmaybewrittenas

By substitutingthisvaluefor 5p2/pinequation(5)insteadofputting
bpa= O,thefinalexpressionforpropagationvelocityis

v 2(1-C)
—=
c~

(
Lfi +2sin2P1_

)

.

.

andthisreducestotheSears-Marblevaluefor ~= Oand L/b=O.

.

.
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63.8
65.5

67.2

68.5

TABLEz

COMPARISONOFPROPAGATIONVELOCITIES

[1’otaltemperature,535°R; cascadeReynoldsnumber,24o,000]

0.326

.343

.361

● 377

c%
fps

161
160
l%

159

Schlierenphotographs__

9 104 0.64
10 llo .69
U 117 .74

-- --- ----

Hot-wiremethod I

Nhiber ofPropagation
stalls, veloci~, V/crl
N v, fps

9 99 0.62

9 .70 -
~ =6 ● 74

12 I 115 I .72
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Figure1.-Effectof stalledbladeon flowenteringcascade.

/

/

/

Figure2.-Flowfieldof stalledcascade.

—
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Figure3.-Cascaderepresentation.andnotation. ●
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Figure4.-Assumedboundsry-lsyerresponseto stepchsmgesin ~l. ?.
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Figure6.-Plotshowing~ versusPI forcascadesinstalledcondition.
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Figure6.- Concluded.



NACATN3580

..

.

Y

_d
b

Figure7.- Representationof cascadewithinletguidevanes.
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Figure8.-MxXbilitycriterionwithboundary-l~erdel~.
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Figure9.-Representationof circulaxcsscade.
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Figure10.- Testsectionblading.
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Figure 11. - SchematicbMdS,ng di.agremfor statimery circubu? cascade
ahowlng ded-gn emgles.

. . ●



-.

, d

ti
, #

I

I
I

1

w 8,94” q
I ‘Y I1 \l\l

v“-- PRESSURE-TAP
LOCATIONS

COMPRES&3R-CASCADE
AIRFOIL

Figure 12. - Schmatic diagrm of

I

I

FLOW DIRECTION

~-- ~IJNDARy-LA’fER

SUCTION SLOT

Btatimmy-circu&-caecadetei3tsection. Y



..

.
,



—

,

.

b

STRAIGHTENING
TUBES --I

I n/-TEST SECTION
#f

I

—

I/

‘: TURNIN(3 VANES
i

TO WIND-TUNNEL~ I
COMPRESSOR

I

TEST SECTION - “
WINDOW

FROM GOOLER

LONGITUDINAL SEOTION END ELEVATION

Fi~e 14.- iimgitmthmlsection @ end elevation of stationary-circuhr-
cascade test facility.
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Figure15.- Testsectionofthestationery-circular-cascadetunnel.
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Figure16.- Schematicdiagrsmof tircircuitsndtabulatedproperties.
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Figure17.- Cascadeperformance.Pressurecoefficientversus~1 for
G = 1.0.
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Figure18.- Csscadeperformsnbe.132versus~1 for u = 1.0.
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Figure20. - C!aacsiieperformance.a versuscotp1 for a = 1.0. Broken
llneindicatesgradientpredictedby theoryatthepointwhererotating
stallbegins.
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(a)~1 ❑ 42”. (b) ~, ❑ 46°. (c) g, ❑ 49.59.

a

(d) ~1 ❑ 53,2°. (e)~, = 56,8°.

Figure 21.- SchlSerenphotogrqlw of cescede in ste~ f~. “ ‘ ‘

(f) )31 = “60.4°.
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(a) pl= 63°;Ml = 0.32; u = 1.0.

~ TIME

(b) pl = 640; ~ = 0.33;u = 1.0. L-92@8

Figure22.- Rotatingstall.5,~0 flmmmpersecond..



TIME _

(c) i31=670; M1=o.35; U=l.O. L-92409

Figure 22.- Concluded.

— TIME — TIME

Figure ~.-
L-92@o

Vortex planes in casceik. 5,000 fremes por second;

P1 = W; Ml = 0.35;u = 1.0.
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Figure 24. - Hot-wire
L-92@1

-anemmeter equipment and cescade tunnel.
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Figure 25.- Hot-wire-ananmnetertracesfran
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L-92412
Figure%.- Rotatingstall.6,OOOframespersecond;PI= GP;

Hl = 0.65;KS= ~.o.
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l?i~~. 27.- Pressurefluctuationsattap(a)upstresm

(a)

(b)

.

(a)

(b)

and attap(b)
downstreamofcascsiie.P1=68.50;Ml =0.22.

.
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Figure 28.. Cascade pressme coefficientversus ~1 fO~ U = O.5.
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Figure29.- Cascadeperformance.B2 versus~1 for a =0.5.
.

.



, , - I

+ TIME
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Figure30.-Rotatingstall.5,000frsmespersecond.
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Figure 31. - Rotatingstall.Pl=68.50;Ml= O.45;16-millimeterFastsx
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Figure32.- Rotatingetall.5,0CQframespersecond.;j3~= 68.5°;

Ml =0.35;0=0.33.
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Ml = 0.35;u = O.ti.
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